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Two Distinct Pathways Remove Mammalian
Cohesin from Chromosome Arms in Prophase
and from Centromeres in Anaphase
This result and the observation that cohesin subunits
dissociate from chromatin at the onset of anaphase sug-
gest that the APC initiates anaphase by removing cohe-
sins from chromosomes. The APC mediates this event
by ubiquitinating Pds1p (Cohen-Fix et al., 1996), a pro-
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tein that binds and presumably inhibits the anaphase†Department of Microbiology and Genetics
activator Esp1p (Ciosk et al., 1998). Following ubiquitin-University of Vienna
dependent proteolysis of Pds1p, Esp1p mediates theA-1030 Vienna
dissociation of 14S cohesin from chromosomes. ThisAustria
reaction depends on cleavage of cohesin’s subunit
Scc1p/Mcd1p, suggesting an elegant model for the initi-
ation of anaphase (Uhlmann et al., 1999). According toSummary
this model, cohesin itself would physically connect sis-
ters until Scc1p/Mcd1p is cleaved in an Esp1p-depen-In yeast, anaphase depends on cohesin cleavage. How
dent manner, thereby liberating sisters for polewardanaphase is controlled in vertebrates is unknown be-
movement in anaphase. To illustrate its activating rolecause their cohesins dissociate from chromosomes
in the separation of sister chromatids, Esp1p and itsbefore anaphase. We show that residual amounts of
orthologs in other eukaryotes are now called separins,the cohesin SCC1 remain associated with human cen-
whereas Pds1p and its orthologs are called securinstromeres until the onset of anaphase when a similarly
(Yanagida, 2000).small amount of SCC1 is cleaved. In Xenopus extracts,
Several observations suggest that ubiquitin-depen-SCC1 cleavage depends on the anaphase-promoting
dent proteolysis mediated by the APC and its mitoticcomplex and separin. Separin immunoprecipitates are
activator CDC20/Fizzy is essential for anaphase, notsufficient to cleave SCC1, indicating that separin is
only in budding yeast, but also in other eukaryotes (re-associated with a protease activity. Separin activation
viewed in Peters, 1999). For example, APC-dependentcoincides with securin destruction and partial separin
proteolysis of the securins Cut2p and PTTG is requiredcleavage, suggesting that several mechanisms regu-
for anaphase in fission yeast and Xenopus, respectivelylate separin activity. We propose that in vertebrates, a
(Holloway et al., 1993; Funabiki et al., 1996a; Zou et al.,cleavage-independent pathway removes cohesin from
1999). In Drosophila, degradation of Pimples is requiredchromosome arms during prophase, whereas a sep-
for anaphase, suggesting that this protein functions asarin-dependent pathway cleaves centromeric cohesin
a securin in flies (Stratmann and Lehner, 1996; Leismannat the metaphase–anaphase transition.
et al., 2000). Surprisingly, cut2 and pimples mutants are
unable to enter anaphase, suggesting that securins have
Introduction activating as well as inhibitory roles in sister separation.
The function of separins may also be conserved because
In eukaryotes, replicated DNA molecules remain associ- the separins Cut1p and BIMB are essential for anaphase
ated from the time of their synthesis until they are sepa- in fission yeast and Aspergillus, respectively (May et al.,
rated in anaphase. This cohesion between sister chro- 1992; Funabiki et al., 1996b).
matids allows the bipolar attachment of chromosomes The notion that the APC-separin pathway controls
to the mitotic spindle long after replication has occurred. anaphase in all eukaryotes is further supported by the
Loss of cohesion is therefore required for the separation observation that cohesin complexes containing or-
of sister chromatids. In presumably all eukaryotes this thologs of Smc1p, Smc3p, Scc1p/Mcd1p, and Scc3p
event is initiated by activation of the anaphase-promot- exist in Xenopus (Losada et al., 1998) and human cells
ing complex (APC), a ubiquitin-protein ligase that targets (Sumara et al., 2000) and by the finding that Xenopus 14S
mitotic proteins for destruction by the 26S proteasome cohesin is required for proper sister chromatid cohesion
(reviewed by Peters, 1999). (Losada et al., 1998; E. Vorlaufer and J.-M. P., unpub-
How activation of the APC initiates sister separation lished data). However, despite these similarities with the
is best understood in budding yeast (reviewed by Dej yeast complex, vertebrate cohesins have been shown
and Orr-Weaver, 2000; Koshland and Guacci, 2000; Na- to dissociate from chromosomes already in prophase,
smyth et al., 2000). In this organism, protein complexes i.e., long before sisters separate (Losada et al., 1998;
known as 14S cohesin are essential for sister chromatid Darwiche et al., 1999; Sumara et al., 2000). Unlike in
cohesion. Yeast mutants defective in the cohesin sub- yeast, this event does not depend on activation of the
APC, suggesting that securin destruction and separinunit genes smc1, smc3, scc1/mcd1, or scc3 separate
activation are not required to remove vertebrate cohe-sister chromatids in the absence of APC activity (Guacci
sins from condensing chromatin (Sumara et al., 2000).et al., 1997; Michaelis et al., 1997; Toth et al., 1999).
In vertebrates, it is therefore not known how sister chro-
matid cohesion is maintained between prophase and‡ To whom correspondence should be addressed (e-mail: peters@
the onset of anaphase, and it is unclear how the APC-nt.imp.univie.ac.at).
separin pathway controls anaphase in eukaryotes other§ Present address: InterCell GmbH, Dr. Bohrgasse 7b, 1030 Vienna,
Austria. than budding yeast.
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Figure 1. Localization of SCC1 on Meta-
phase Chromosomes
(A) Sucrose density gradient fractionation of
an extract from logarithmically growing HeLa
SCC1-myc cells. The proteins indicated were
detected with specific antibodies. The upper
and the lower band in the middle panel repre-
sent myc-tagged and endogenous SCC1, re-
spectively. SA1 is a subunit of human cohesin
complexes (Sumara et al., 2000). The posi-
tions corresponding to sedimentation coeffi-
cients of 9S and 14S are indicated.
(B and C) Localization of SCC1-myc in ex-
tracted cells at different stages of mitosis.
Exponentially growing HeLa cells expressing
SCC1-myc were extracted, fixed, and stained
with an anti-myc antibody revealed by an
Alexa 568–coupled secondary antibody. Ki-
netochores were visualized by staining with
human CREST serum followed by an Alexa
488–coupled secondary antibody. DNA was
counterstained with DAPI. In the merged pan-
els anti-myc staining is in red and CREST
staining is depicted in green. SCC1-myc
staining is present in extracted SCC1-myc
HeLa cells on prophase and telophase chro-
matin. Some SCC1-myc staining remains on
chromosomes in metaphase and disappears
from chromatin in anaphase. Further magnifi-
cation reveals that the remaining staining on
metaphase chromosomes is predominantely
centromeric, whereas in prometaphase, chro-
mosome arms and centromeres are stained
(B). Bars, 5 mm.
To address these questions, we have reinvestigated pathways that affect cohesins in a spatially and tempo-
rally distinct manner: in prophase, a cleavage-indepen-the subcellular distribution of the cohesin subunit SCC1
in human mitotic cells. We show that a small amount of dent pathway removes the bulk of cohesins from the
arms of condensing chromosomes, whereas at the meta-SCC1 remains associated with metaphase chromo-
somes where it preferentially localizes to centromeres phase-anaphase transition an APC- and separin-depen-
dent pathway removes centromere-bound cohesin com-until it disappears in anaphase. A similarly small amount
of SCC1 is cleaved in vivo specifically in anaphase, but plexes by cleaving their subunit SCC1.
not in pro- or metaphase. Reconstitution of SCC1 cleav-
age in Xenopus egg extracts shows that this reaction Results
depends on the APC and separin and affects preferen-
tially chromosome-associated SCC1. Immunopurified Small Amounts of SCC1 Remain Associated
with Centromeric Regions of Humanseparin is sufficient to cleave the SCC1 subunit of puri-
fied cohesin complexes, indicating that separin is asso- Metaphase Chromosomes
To test if residual amounts of cohesins remain associ-ciated with a protease activity. Mitotic activation of sep-
arin depends on the APC and correlates with securin ated with metaphase chromosomes, we reinvestigated
the intracellular distribution of SCC1 by immunofluores-destruction and with partial cleavage of separin itself,
suggesting that separin activity is controlled by at least cence microscopy. Because antibodies to vertebrate
cohesins have so far failed to detect their antigens ontwo mechanisms. Based on our results, we propose
that vertebrate cohesins are regulated by two different metaphase chromosomes (Losada et al., 1998; Dar-
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wiche et al., 1999; Sumara et al., 2000) we generated a
HeLa cell line stably expressing a tagged version of
SCC1 containing 9 myc epitopes at its C terminus. For
historic reasons, we used mouse SCC1 (whose amino
acid sequence is 94% identical with the human SCC1
sequence) for these experiments. Like endogenous
SCC1, ectopically expressed SCC1-myc could be de-
tected in both chromatin and supernatant fractions iso-
lated from logarithmically growing cells, coimmunopre-
cipitated with other cohesin subunits, was nuclear in
interphase cells, and cosedimented with 14S cohesin
complexes during sucrose gradient centrifugation (Fig-
ure 1A and data not shown). As judged by immunoblot-
ting, SCC1-myc is expressed at levels corresponding to
approximately 10% of the endogenous SCC1 (Figure
1A, middle panel), but the ratio of ectopic to endogenous
SCC1 may be higher in individual cells because immuno-
fluorescence microscopy revealed that only 80% of all
cells expressed detectable amounts of SCC1-myc, and
of these, many expressed the ectopic protein at low
levels (data not shown).
When we analyzed unextracted mitotic cells express-
ing SCC1-myc by immunofluorescence microscopy us-
ing myc antibodies, only very weak, if any, staining could
be seen on metaphase chromosomes (data not shown).
Because weak chromosomal signals may be obscured
by the strong cytoplasmic signal caused by soluble
cohesins, we briefly extracted SCC1-myc expressing
cells before fixation and immunostaining. Under these
conditions incubation with myc antibodies yielded a
fine-punctate staining on metaphase chromosomes of
SCC1-myc cells (Figures 1B and 1C). This staining was
specific for SCC1-myc because no punctate staining
could be observed with myc antibodies on chromo-
somes of control HeLa cells, or when SCC1-myc cells
were stained with antibodies to unrelated proteins or
with secondary antibodies alone (data not shown).
Coimmunostaining with CREST serum specific for kinet-
ochores (Brenner et al., 1981) revealed that the strongest
of the dotty SCC1-myc signals were located precisely
in between pairs of kinetochores (Figures 1B and 1C),
indicating that SCC1-myc is associated with centro-
meric regions. In prophase cells, additional SCC1-myc
signals could be detected in other chromosomal regions
that were not in close proximity to kinetochores (Figure
1C). These noncentromeric signals were often arranged
in linear arrays (Figure 1B) and were either largely or
entirely absent from metaphase chromosomes (Figures
1B and 1C), suggesting that SCC1 dissociates from
chromosome arms between pro- and metaphase but
remains associated with centromeres. Importantly, we
were unable to detect any clear chromosomal SCC1-
myc signals in 140 anaphase cells that we inspected
(Figure 1C). Because 80% of all cells in our experiment
expressed SCC1-myc, we should have observed some
Figure 2. SCC1 Is Cleaved in Mitosis
(A and B) HeLa cells arrested at the onset of S-phase by double-
thymidine treatment were released into the cell cycle and samples marked by arrows. An extract of logarithmically growing HeLa cells
taken at the indicated time points were analyzed by FACScan (A) (log) was analyzed side by side.
and immunoblotting using antibodies against the indicated proteins (C) HeLa cells stably expressing SCC1-myc were analyzed by immu-
(B). SCC1, short immunoblot exposure obtained with C-terminal noblotting as in (B). Mitosis specific SCC1 cleavage products are
SCC1 antibodies. SCC1C, long exposure of the same SCC1 immu- marked by arrows. Antibodies to proteasomes (prot) were used as
noblot. SCC1N, long immunoblot exposure obtained with N-terminal loading controls. cyc A, cyclin A; cyc B, cyclin B; P-H3, histone H3
SCC1 antibodies. Mitosis specific SCC1 cleavage products are phosphorylated on serine 10.
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anaphase cells with chromosomal SCC1-myc signals if This conclusion was confirmed by releasing HeLa SCC1-
myc cells from a nocodazole arrest. Under these condi-they existed. These results suggest that SCC1-myc is
removed from centromeric regions at the metaphase to tions, SCC1 cleavage occurred when cells began to
degrade cyclin B and securin and began to separateanaphase transition.
their DNA, i.e., in anaphase (Figure 3B).
A Small Amount of SCC1 Is Cleaved in Human
Xenopus Egg Extracts RecapitulateCells Undergoing Anaphase
the Mitosis-Specific Cleavage ofTo analyze the cell cycle behavior of SCC1 biochemi-
Chromatin-Associated SCC1 In Vitrocally, HeLa cells were synchronized by a double-thymi-
To study the regulation of SCC1 cleavage, we estab-dine arrest and release protocol. Samples taken at differ-
lished an in vitro assay for this reaction. We chose Xeno-ent time points were analyzed for DNA content by FACS
pus egg extracts for this purpose because addition of(Figure 2A) and for SCC1 by immunoblotting whole cell
nondegradable cyclin B to such extracts generates alysates with antibodies specific for the C terminus of
stable mitosis-like state that resembles the situation atSCC1. Short exposures of chemiluminescent immu-
the onset of anaphase, i.e., with both cyclin-dependentnoblots showed no fluctuation in SCC1 levels during the
kinase 1 and APC activities being high (Murray et al.,cell cycle (Figure 2B, panel SCC1), whereas quantitation
1989). As a source for SCC1, we used fractions preparedof radioactive blots revealed a minor SCC1 decrease
from nocodazole arrested HeLa cells expressing SCC1-of about 15% in mitotic cells (data not shown). Long
myc. When we added low speed pellet fractions en-exposures, however, showed additional bands cross-
riched in chromatin to mitotic Xenopus extracts, thereacting with SCC1 antibodies (Figure 2B, panel SCC1C).
formation of two SCC1-myc cleavage products couldOf these, a 95 kDa band appeared specifically as cells
be detected by immunoblotting (Figures 4A and 4C).progressed through mitosis and disappeared in G1. An-
The electrophoretic mobility of these fragments was in-tibodies to the N terminus of SCC1 detected a different
distinguishable from the mobility of the cleavage prod-mitosis-specific band of 30 kDa that appeared and dis-
ucts formed in vivo, indicating that cleavage in vitroappeared with similar kinetics as the 95 kDa band (Figure
occurs at the physiologically relevant sites (Figure 4B).2B, panel SCC1N), consistent with the possibility that a
No cleavage could be detected when chromatin fromsmall portion of full-length SCC1 (which migrates as
HeLa SCC1-myc cells was incubated in Xenopus in-a 125 kDa protein) is cleaved into N- and C-terminal
terphase extracts (Figure 4A), indicating that SCC1fragments of 30 and 95 kDa, respectively. To verify this
cleavage in vitro is mitosis-specific. When chromatin-hypothesis, we analyzed SCC1-myc in synchronized
free low speed supernatants from HeLa SCC1-myc cellsHeLa cells as above (Figure 2C). Myc immunoblots re-
were incubated in mitotic Xenopus extracts much lessvealed a mitosis-specific band that migrated as a 120
cleavage occurred than in reactions containing chroma-kDa protein, as expected for a myc-tagged version of the
tin fractions, although roughly equal amounts of SCC1-C-terminal SCC1-cleavage fragment (Figure 2C, second
myc were present in both reactions (Figure 4C). Thispanel). In addition, a smaller mitosis-specific fragment
result was not due to the presence of an inhibitory factorof 55 kDa was observed in long exposures of myc immu-
in the supernatant because addition of the supernatantnoblots (Figure 2C, third panel), suggesting that SCC1-
fraction to reactions containing chromatin and mitoticmyc is cleaved at at least two distinct sites in mitosis.
Xenopus extract did not inhibit SCC1-myc cleavageWhen we analyzed the behavior of other cell cycle
(data not shown). These results suggest that chromatinregulators in the same experiments, we observed that
associated SCC1 is preferentially cleaved, whereas sol-the mitosis-specific SCC1 cleavage products began to
uble SCC1 is a poor substrate.appear when cyclin A, cyclin B, and CDC20 began to
disappear (Figure 2C), i.e., either in meta- or anaphase.
To determine more precisely when SCC1 cleavage oc- SCC1 Cleavage Depends on Separin and the APC
Immunoblot experiments showed that both the chroma-curs, we released HeLa SCC1-myc cells from a double
thymidine arrest into medium containing nocodazole, a tin pellet and the supernatant fraction of HeLa cell ex-
tracts used in this assay contained APC and separinmicrotubule poison which activates the spindle assem-
bly checkpoint and thereby inhibits the ability of the (data not shown). To analyze if these proteins are re-
quired for SCC1 cleavage, as they are in budding yeast,APC to initiate anaphase (reviewed by Amon, 1999).
Under these conditions, cells arrested in a mitotic state we performed a series of immunodepletion experiments.
As depletion from the chromatin fraction was technicallywith unseparated DNA, highly phosphorylated histone
H3 and CDC27 (a subunit of the APC), and high levels impossible, we depleted human separin from superna-
tant fractions of HeLa SCC1-myc cells (Figure 5A). Noof cyclin B and securin, whereas cyclin A was degraded
(Figure 3A). Unexpectedly, the levels of CDC20 de- cleavage of SCC1-myc occurred when these fractions
were incubated in mitotic Xenopus extract (Figure 5B),creased significantly under these conditions. Longer im-
munoblot exposures detected small amounts of CDC20, suggesting that human separin is required to cleave
SCC1-myc. This result also implies that the mitotic Xen-suggesting that these may be sufficient to initiate ana-
phase upon release from the nocodazole arrest (Figure opus extract alone is not sufficient for cleaving SCC1-
myc in this system, raising the possibility that the activity3B). Importantly, no mitosis-specific cleavage products
of SCC1 could be observed with either SCC1 or myc of Xenopus separin is labile in the mitotic extracts, or
that Xenopus separin cannot cleave mammalian SCC1antibodies in nocodazole-arrested cells (Figure 3A), indi-
cating that SCC1 cleavage depends on the initiation of due to species differences. In contrast, we found that
depletion of the APC from HeLa SCC1-myc supernatantanaphase and does not occur in pro- or metaphase.
Regulation of SCC1 in Human Cells
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Figure 3. SCC1 Is Cleaved in Anaphase
HeLa SCC1-myc cells were either first syn-
chronized by double-thymidine treatment
and subsequently released into the cell cycle
in the presence of nocodazole (A) or HeLa
SCC1-myc cells were first arrested by noco-
dazole treatment and then released into the
cell cycle (B). Samples were taken at the indi-
cated time points and analyzed by FACScan
(top panels) and immunoblotting with anti-
bodies to the indicated proteins (bottom pan-
els). Anaphase-specific cleavage products of
SCC1-myc and separin are marked by
arrows. The electrophoretic mobility shift of
CDC27 and securin is due to mitosis-specific
phosphorylation. cyc A, cyclin A; cyc B, cyclin
B; P-H3, phosphorylated histone H3; prot,
proteasome.
fractions did not abolish SCC1-myc cleavage (data not it is possible that mitotic Xenopus extracts are required
to activate the APC (whose activity is inhibited by MAD2shown). Also depletion of the APC from mitotic Xenopus
extracts had little effect (Figures 5A and 5C). Simultane- in nocodazole-arrested human cells) or to mediate effi-
cient proteaseome-dependent proteolysis.ous depletion of the APC from both HeLa and Xenopus
extracts did, however, abolish SCC1-myc cleavage (Fig-
ure 5C). This result suggests that the APC is required Mitotically Activated Separin Is Sufficient
to Cleave Purified Cohesin Complexesfor SCC1-myc cleavage in this assay, and that both
human and Xenopus APC are sufficient to support this To analyze if separin is directly involved in SCC1 cleav-
age we immunoprecipitated separin from nocodazole-reaction. We presently do not know why mitotic human
cell extracts alone are not sufficient to cleave SCC1, but arrested mitotic HeLa cells (Figures 6A and 6B) and
Cell
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Figure 5. Cleavage of SCC1-myc in Mitotic Xenopus Extracts De-
Figure 4. SCC1-myc Is Cleaved in Mitotic Xenopus Extracts pends on Separin and the APC
(A) Chromatin-enriched fractions from nocodazole-arrested HeLa (A) Mitotic extracts from Xenopus eggs (XID90) or from nocodazole-
SCC1-myc extract were incubated either in interphase or mitotic arrested HeLa SCC1-myc cells (HeLa) were either left untreated,
Xenopus egg extracts (Xl). Samples were taken at the indicated depleted with control antibodies (Dmock), or depleted with antibod-
time points and analyzed by immunoblotting with myc antibodies. ies to separin (Dseparin) or the APC (DAPC) and analyzed by immu-
Mitosis-specific SCC1-myc cleavage products are marked by ar- noblotting with separin or CDC27 antibodies.
rowheads. (B) Mitotic Xenopus extracts (Xl) were supplemented with the super-
(B) SCC1-myc cleaved in vitro as in (A) and extracts obtained from natant fractions from untreated, mock- or separin-depleted HeLa
a double thymidine-release experiment with HeLa SCC1-myc cells SCC1-myc cell extracts obtained as in (A). At the indicated time
(anaphase, S-phase) were analyzed by immunoblotting with myc points, samples were taken and analyzed by immunoblotting with
antibodies. Mitosis-specific SCC1-myc cleavage products are myc antibodies. The slowest migrating band represents full length
marked by arrowheads. SCC1-myc. A mitosis-specific SCC1-myc cleavage product is
(C) Chromatin-enriched fractions and chromatin-free supernatant marked by an arrowhead.
fractions from nocodazole-arrested HeLa SCC1-myc cells were in- (C) APC-depleted or untreated supernatant fractions from HeLa
cubated in mitotic Xenopus egg extracts (Xl). Samples were taken SCC1-myc cells obtained as in (A) were incubated in APC-depleted
at the indicated time points and analyzed by immunoblotting with (Xl: DAPC) or mock-depleted (Xl: Dmock) mitotic Xenopus extracts
myc antibodies. Mitosis-specific SCC1-myc cleavage products are and analyzed as in (B).
marked by arrowheads.
purified soluble cohesin complexes from supernatant with purified cohesin complexes, cleavage of SCC1-
myc was observed at the physiologic sites (Figure 6D,fractions of mitotic HeLa SCC1-myc cells (Figure 6C).
When the separin immunoprecipitates washed with right panel). No SCC1-myc cleavage was observed when
separin immunoprecipitates were incubated in an in-buffer were incubated with purified cohesin, no SCC1-
myc cleavage could be detected by immunoblotting terphase Xenopus extract (Figure 6D, middle panel),
suggesting that separin is activated in the Xenopus ex-(Figure 6D, left panel). We therefore incubated the sep-
arin immunoprecipitates in mitotic Xenopus extracts, tract by mitosis-specific mechanisms.
To obtain insight into these mechanisms and to ad-speculating that the role of these extracts in the above
described assay could be to activate separin. When dress whether separin itself is the SCC1 protease we
analyzed separin immunoprecipitates before and afterseparin immunoprecipitates were added to mitotic Xen-
opus extracts, reisolated, washed and then incubated incubation in mitotic Xenopus extracts. Coomassie blue
Regulation of SCC1 in Human Cells
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Figure 6. Mitotic Activation Allows Separin
Immunoprecipitates to Cleave the SCC1-myc
Subunit of Purified Cohesin Complexes and
Coincides with Securin Destruction and Sep-
arin Cleavage
(A and B) Immunoprecipitates obtained with
separin antibodies (separin-IP) or with control
antibodies (mock-IP) from extracts of noco-
dazole-arrested HeLa cells were either left
untreated, or incubated in buffer or in mitotic
Xenopus extracts. Subsequently, the immu-
noprecipitates were washed and analyzed ei-
ther by immunoblotting with separin (A, top
panel) or securin antibodies (A, bottom
panel), or by Coomassie blue staining (B).
Full-length separin is marked by a filled ar-
rowhead, a C-terminally truncated form of
separin by a star, and mitosis-specific C-ter-
minal separin cleavage products by open ar-
rowheads. Two unidentified Xenopus pro-
teins that bind to separin antibody beads in
the absence of human separin (see text) are
marked by filled dots. The abundant 55 and
29 kDa bands visible in (B) represent IgG
heavy and light chains, respectively.
(C) Immunopurified soluble cohesin com-
plexes were analyzed by silver staining. The
positions of individual subunits are indicated
(see Sumara et al., 2000).
(D) Separin immunoprecipitates were incu-
bated in either buffer, or interphase or mitotic
Xenopus extracts, washed and added to
purified cohesin complexes. Samples were
taken at different time points and analyzed
by immunoblotting with myc antibodies. The
slowest migrating band in the top panels rep-
resents full-length SCC1-myc. SCC1-myc
cleavage products that are generated in the
presence of mitotically activated separin are
marked by arrowheads. The bottom panels
show a longer exposure of the same blots as
in the top panels. Panels (A) and (B) are from
a different experiment than panels (C) and (D)
but mitotically activated separin immunopre-
cipitates showed mitosis-specific SCC1-myc
cleavage activity in six independent experi-
ments.
staining showed two bands of 200 and 180 kDa in the Immunoblotting with securin antibodies showed that
securin was present in the separin immunoprecipitatesseparin immunoprecipitates before their incubation in
Xenopus extract which were absent in control precipi- before but not after incubation in the mitotic Xenopus
extract (Figure 6A), consistent with the possibility thattates (indicated by a filled arrowhead and a star in Figure
6B). Mass spectrometric analysis of tryptic peptides separin activation in the Xenopus extract depends on
APC-dependent securin proteolysis. To test this possi-identified these bands as full length and truncated forms
of separin (data not shown). The 200 but not the 180 bility, we incubated separin immunoprecipitates in mi-
totic Xenopus extracts from which the APC had eitherkDa band could also be recognized by monoclonal anti-
bodies specific for the separin C terminus (Figure 6A), been immunodepleted (data not shown) or in which APC
activity was competitively inhibited by the addition ofindicating that the 180 kDa separin is truncated at the
C terminus. After incubation in mitotic Xenopus extract N-terminal cyclin B peptides (Figure 7A). Under these
conditions the separin immunoprecipitates still con-the amount of the 200 kDa separin band was strongly
reduced and two additional bands of 220 and 195 kDa tained securin after incubation in the Xenopus extracts
(Figure 7B) and showed a significantly reduced abilitywere detected by Coomassie staining (Figure 6B,
marked by dots). The identity of these 200 and 195 kDa to cleave SCC1 (Figure 7C). APC activity is therefore
required to activate separin, possibly because securinXenopus proteins is presently unknown. However, we
do not believe that these proteins are relevant for the proteolysis is needed for separin activation.
Immunoblotting with C-terminal separin antibodiesSCC1 cleavage reaction because they also bound to
separin antibody beads that had not previously been confirmed that the majority of full length separin disap-
peared during incubation in mitotic Xenopus extractincubated in human extracts, and these immunoprecipi-
tates were unable to cleave SCC1-myc (data not shown). (Figure 6A). These blots further revealed that at the same
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arin-associated securin and cleavage of full length sep-
arin at at least two distinct sites.
Separin Is Cleaved in Anaphase In Vivo
To address if the cleavage of separin in mitotic Xenopus
extracts is physiologically relevant, we analyzed the be-
havior of separin in vivo. Immunoblot experiments re-
vealed that the majority of separin is degraded as HeLa
cells progress through mitosis and that separin levels
remain low in G1 (Figure 2B). Separin remained stable,
however, when cells entered mitosis in the presence of
nocodazole, i.e., upon activation of the spindle assembly
checkpoint (Figure 3A). When cells exited mitosis after
being released from the nocodazole arrest, separin lev-
els began to decrease at the same time as securin and
cyclin B degradation occurred (Figure 3B), indicating
that separin degradation is initiated in anaphase. The
C-terminal monoclonal separin antibodies used in these
experiments also detected 60 and 55 kDa bands that
specifically appeared when full length separin began to
disappear (Figure 3B), demonstrating that separin is also
cleaved at at least two sites in anaphase in vivo. The
C-terminal separin fragments were not detected in ex-
tracts from nocodazole-arrested cells (Figure 3A). The
appearance of the separin cleavage products in ana-
phase and their disappearance in G1 therefore resem-
bles the behavior of SCC1 cleavage products, sug-
gesting that SCC1 and separin cleavage are coregulated
and may be mediated by the same pathway.
Discussion
To initiate anaphase, eukaryotic cells have to dissolve
the cohesion that holds sister chromatids together. In
budding yeast, this event depends on cleavage and sub-
sequent removal of cohesin complexes from chromatin
Figure 7. Mitotic Activation of Separin Immunoprecipitates De-
by the APC-separin pathway (Uhlmann et al., 1999). Thepends on the APC
APC and therefore, possibly also separin are believed
(A) In vitro translated 35S-labeled full-length cyclin B was added to
to initiate anaphase also in animal cells, but how they domitotic Xenopus extracts that were supplemented with 1 mM of
so has remained unclear. This uncertainty stems largelyN-terminal human cyclin B peptides containing either a mutated
(contr) or the wild-type version (inh) of the destruction box and from the observation that in vertebrate cells, cohesins
subsequently used for activation of separin immunoprecipitates (see dissociate from chromosomes already in prophase, i.e.,
below). Samples were taken at the beginning (0 min) and the end long before sisters separate and before the APC-separin
(60 min) of the period during which immunoprecipitates were incu- pathway is thought to become active (Losada et al.,
bated in the extracts and analyzed by SDS-PAGE and phosphor-
1998; Darwiche et al., 1999; Sumara et al., 2000). Ourimaging. Cyclin B proteolysis is blocked by wild-type but not by
results suggest a model that is able to explain this co-mutant peptides.
(B) Separin immunoprecipitates (separin-IP) from extracts of noco- nundrum. In this model, we propose that two distinct
dazole-arrested HeLa cells were either left untreated or incubated pathways regulate the association of cohesins with
in mitotic Xenopus extracts containing peptides as described in (A) chromosome arms in prophase and with centromeres
and subsequently washed and analyzed by immunoblotting with at the metaphase-anaphase transition (Figure 8).
separin and securin antibodies.
(C) Separin immunoprecipitates obtained as in (B) were incubated
A Two-Step Model for the Mitotic Dissociationwith purified cohesin complexes. Samples were taken at different
time points and analyzed by immunoblotting with myc antibodies. of Cohesins from Chromosomes
The slowest migrating band represents SCC1-myc. SCC1-myc The mechanism by which vertebrate cohesins are re-
cleavage products are marked by arrows. moved from chromosomes in prophase is still unknown,
but we found that this pathway dissociates cohesins
without detectable SCC1 cleavage (Figure 3) and doestime a 55 kDa band appeared and a 60 kDa band in-
creased in its abundance, suggesting that separin is not require APC activity (Sumara et al., 2000). These
observations suggest that separin is not involved in thepartially cleaved in the mitotic Xenopus extract (Figure
6A, open arrowheads). The formation of these cleavage prophase pathway, explaining why the bulk of cohesins
is not degraded during mitosis in vertebrate cells (Figureproducts was reduced in Xenopus interphase extracts.
The activation of separin in mitotic extracts therefore 2). The solubilization of cohesins at this early stage of
mitosis correlates with chromosome condensation andcoincides with at least two reactions, proteolysis of sep-
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pothesis, it will in the future be important to analyze the
effects of noncleavable SCC1 mutants and of separin
inhibition in vertebrate cells. Despite these open ques-
tions, our hypothesis offers a simple explanation for
numerous cytologic observations which suggest that
arm and centromere cohesion are regulated differently,
not only during meiosis, where arm cohesion is lost in
anaphase I and centromere cohesion in anaphase II, but
also in mitosis (reviewed in Rieder and Cole, 1999). The
best known example that supports this hypothesis is
the behavior of chromosomes in many plant and animal
cells in which the spindle assembly checkpoint has been
activated by treatment with microtubule poisons. Under
these conditions, many cells arrest in mitosis with chro-
Figure 8. A Model Illustrating How the Association of Vertebrate mosomes whose arms have separated but whose cen-
Cohesin Complexes with Chromosomes Is Regulated in Mitosis
tromeres are still connected, yielding the typical X or V
Cohesin complexes are illustrated as black dots and cleaved com-
shape seen in karyotypic analyses. The spindle assem-plexes as split dots.
bly checkpoint is believed to cause this state by inhib-
iting the ability of the APC to initiate anaphase (reviewed
by Amon, 1999). Similar chromosomal configurationsthe visible appearance of discrete sister chromatid arms
are seen when the anaphase regulators CDC20/Fizzy,(Sumner, 1991) and may in fact be required for these
Pimples, or Three-rows are mutated in Drosophila (Sig-processes. This hypothesis could explain why the pro-
rist et al., 1995; Stratmann and Lehner, 1996). Our resultsphase pathway is largely or entirely absent in budding
suggest that under all these conditions, centromericyeast, where only little mitotic chromosome condensa-
cohesion is maintained because SCC1 cannot be cleavedtion occurs (Guacci et al., 1994). The prophase pathway
and because cohesin complexes can therefore not beremoves presumably most, if not all cohesin from chro-
removed from centromeres. In contrast, the prophasemosome arms but, importantly, it spares SCC1 at cen-
pathway that solubilizes cohesin complexes withouttromeric regions (Figure 1), where it may be required to
SCC1 cleavage would be activated normally under thesehold sister chromatids together (see below).
conditions, explaining why arm cohesion is lost.Our results show that, at the onset of anaphase, a
second pathway is activated which cleaves the SCC1
subunit of cohesin complexes at two distinct sites (Fig- Regulation of Arm versus Centromere Cohesion
Our observation that SCC1 is regulated differently ature 2). This pathway depends on entry into anaphase
in vivo (Figure 3) and on the APC and separin in vitro chromosome arms and centromeres raises important
questions about how the prophase and the anaphase(Figure 5), indicating that it corresponds to the APC-
Esp1p pathway that controls the initiation of anaphase pathway are able to distinguish between cohesin com-
plexes at these two locations. We have recently discov-in budding yeast (Uhlmann et al., 1999). Several observa-
tions suggest that this pathway preferentially cleaves, ered that human cells contain two distinct cohesin com-
plexes differing slightly in their subunit composition, butand thereby solubilizes, cohesin complexes that are
bound to chromosomes: First, SCC1 staining disap- cytologic experiments suggest that the bulk of both of
these complexes dissociates from chromatin in pro-pears from centromeres between metaphase and ana-
phase (Figure 1), i.e., at the time when SCC1 cleavage phase (Sumara et al., 2000). There is therefore presently
no indication that cohesin complexes located on armsis initiated (Figure 2 and 3). Second, in mitotic Xenopus
extracts, SCC1-myc in chromosome fractions is cleaved and at centromeres differ in their subunit composition.
Instead, specialized centromeric proteins may protectmore efficiently than soluble SCC1-myc (Figure 4C).
Third, most cohesin is not degraded during mitosis in centromeric cohesin complexes from solubilization by
the prophase pathway. For example, the Drosophila pro-vivo (Figure 2), suggesting that soluble cohesin com-
plexes are not efficiently recognized by the APC-separin tein MEI-S332 has been discussed as a candidate for a
protein that protects centromeric cohesion (Tang et al.,pathway. These observations together suggest that
APC- and separin-dependent cleavage of SCC1 re- 1998; Rieder and Cole, 1999).
There also has to exist a mechanism that restrictsmoves cohesin complexes from centromeres.
SCC1 cleavage at the onset of anaphase to cohesin
complexes on chromosomes, leaving SCC1 in the bulkDoes SCC1 Cleavage Initiate Anaphase?
SCC1 disappears from centromeres when sisters sepa- of soluble complexes uncleaved. This is not achieved by
restricting the localization of separin to chromosomesrate (Figure 1) and immunodepletion experiments in
Xenopus have shown that cohesins are required for because biochemical and cytologic experiments indi-
cate that human separin is largely soluble (I. C. W. andproper sister chromatid cohesion not only in yeast but
also in vertebrates (Losada et al., 1998; E. Vorlaufer and J.-M. P., unpublished data). However, other coactivators
of SCC1 cleavage could be specifically present at cen-J.-M. P., unpublished data). The simplest explanation
of these observations is that the association of cohesins tromeres. For example, several protein kinases have
been localized to kinetochore/centromere regions (re-with centromeres is required to connect sisters until
metaphase, and that SCC1 cleavage liberates sisters viewed by Pidoux and Allshire, 2000), raising the possi-
bility that such enzymes may help to render centromericfor poleward movement in anaphase. To test this hy-
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SCC1 cleavage competent. Alternatively, it is possible sins rebind to chromatin already at the end of mitosis,
whereas in budding yeast, where no Esp1p cleavagethat the solubilization of cohesins in prophase requires
a modification or a conformational change that at the has yet been observed, separin remains active through-
out G1, thus preventing the accumulation of cohesinsame time protects these soluble complexes from rec-
ognition by the separin-dependent cleavage pathway. complexes on chromatin until the G1-S transition (Uhl-
mann and Nasmyth, 1998).
Is Separin a Protease and How Is It Regulated?
Is Separin a Universal “Chromatid Separase”The discovery that SCC1 is cleaved in a separin-depen-
in All Eukaryotes?dent manner in both budding yeast (Uhlmann et al.,
In the accompanying article, Buonomo et al. (2000 [this1999) and in humans (this study) begs the question as
issue of Cell]) show that Esp1p controls meiosis in bud-to whether separin is a protease or is an activator of
ding yeast by cleaving Rec8p, a cohesin that replacessuch an enzyme. The simplest interpretation of our ob-
Scc1p/Mcd1p in meiotic cells. In fission yeast, a non-servation that separin immunoprecipitates are sufficient
cleavable version of the SCC1 ortholog Rad21p hasto cleave the SCC1 subunit of purified cohesin com-
recently also been found to block mitotic sister separa-plexes (Figure 6) is that separin itself is the SCC1 prote-
tion (Tomonaga et al., 2000). Our and these results to-ase, although we cannot yet exclude the possibility that
gether suggest that separin functions as a sister chro-a minor protease not detectable by Coomassie staining
matid separase in all eukaryotes, an enzyme whoseis present in our immunoprecipitates, or that separin
existence has been discussed by cytologists for 27functions as an activator of a protease associated with
years already (Ostergren and Andersson, 1973; Sumner,cohesin. Biochemical experiments by Uhlmann et al.
1992). To illustrate this function and the proteolytic activ-(2000 [this issue of Cell]) indicate that the budding yeast
ity of separin, and to distinguish its name better from itsseparin Esp1p is a protease. Furthermore, the C-termi-
binding partner securin, we propose to call this enzymenal domain of Esp1p which is highly conserved among
separase in the future.separins from different species contains distant similar-
ity to the catalytic site of cysteine endopeptidases of
Experimental Proceduresthe CD family, and mutational analysis of this region
has confirmed the importance of this region for Esp1p cDNAs and Antibodies
activity (Uhlmann et al., 2000 [this issue of Cell]). Separin The human separin cDNA KIAA0165 (Nagase et al., 1996) and a
human securin expression plasmid were kindly provided by Kazusatherefore appears to be a protease.
DNA Research Institute, Japan and Michael Gmachl, Vienna, respec-If separin triggers anaphase, it is obvious that its activ-
tively. Murine SCC1 was amplified from a Swiss 3T3 cell cDNA libraryity has to be tightly regulated. In both budding and fis-
by polymerase chain reactions.sion yeast, securin destruction seems to be required for
Mouse monoclonal (7A6) and rabbit polyclonal separin antibodies
separin activation (Cohen-Fix et al., 1996; Funabiki et were raised against a recombinant C-terminal fragment of human
al., 1996a, Funabiki et al., 1996b; Ciosk et al., 1998; separin expressed in E. coli. Polyclonal mouse and rabbit antibodies
were raised against full-length recombinant human securin. Poly-Uhlmann et al., 1999). However, additional mechanisms
clonal antibodies were raised against the C terminus (YSDIIATPGPmust exist, because in budding yeast, the deletion of
RFH) or against the N terminus of human SCC1 (FHDFDQPLPDLDDIPds1p does not change the timing of anaphase (Alexan-
DVAQQFSLNQSRVEEC). Either mouse monoclonal (9E10) or rabbitdru et al., 1999). Our experiments suggest that at least
polyclonal (Gramsch Laboratories, Schwabhausen, Germany) myc-
two reactions occur when separin is activated: securin epitope antibodies were used. All antibodies were affinity purified.
dissociates from separin, presumably due to APC-medi- All other antibodies have been described (Kramer et al., 2000; Su-
mara et al., 2000).ated proteolysis (Zou et al., 1999), and separin is partially
cleaved, resulting in the formation of two distinct C-ter-
Cells, Cell Culture, and Synchronizationminal fragments (Figures 3B and 6A). Because securin
For the generation of a HeLa cell line stably expressing SCC1, murine
has been shown to block anaphase in Xenopus extracts SCC1 was C-terminally tagged with 9 myc-epitopes and inserted
in vitro (Zou et al., 1999), it is likely that securin proteoly- into pHTet-Hygro (pUHD10–3; Gossen and Bujard, 1992, with the
sis is required for separin activation. It is less clear if hygromycin resistance gene from pBabe Hygro; Morgenstern and
Land, 1990). The resulting plasmid was transfected into HeLa Tet-separin cleavage is also required for separin activation,
off cells by electroporation. Selection with 200 mg/ml hygromycinor if this reaction inactivates the enzyme. Intriguingly,
B was started after 37 hr. After 2 weeks, cell lines arising fromseparins belong to the same class of cysteine endopep-
single cells were picked and tested for SCC1-myc expression by
tidases as caspases (Uhlmann et al., 2000 [this issue of immunofluorescence microscopy. SCC1-myc expressing cells were
Cell]), apoptotic proteases whose activities are known further subcloned and cultured in the presence of 200 mg/ml hygro-
mycin B.to be regulated by at least two mechnisms. Proteolytic
HeLa cells were synchronized by a thymidine block as describedcleavage is required for caspase activation, whereas the
(Kramer et al., 2000) and released into medium with or without 330binding of inhibitor of apoptosis proteins (IAPs) inhibits
nM nocodazole.
cleavage (reviewed by Salvesen and Dixit, 1999). It is For nocodazole release experiments, logarithmically proliferating
therefore attractive to speculate that securin proteolysis HeLa cells were first grown to about 60% confluency prior to addi-
may enable separin cleavage, perhaps in an autocata- tion of 330 nM nocodazole for 18 hr. Subsequently, cells were
washed twice with PBS and seeded into fresh medium. Synchroniza-lytic reaction, resulting in its activation. However, it is
tion and cell cycle state were examined by propidiumiodide stainingequally plausible that cleavage is a self-limiting mecha-
and FACS analysis.nism that inactivates separin. Such an inactivation
mechanism may be required to allow the rebinding of Immunofluorescence Microscopy
cohesin complexes to chromatin already in telophase. Cells were grown on glass coverslips, washed with PBS, extracted
in 0.1% Triton X-100 in PBS for 3 min, washed with PBS, and fixedThis hypothesis could explain why in vertebrates cohe-
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in 4% paraformaldehyde/PBS for 15 min. Subsequently, cells were MgCl2, 1 mM EGTA, and 1 mM ATP) in a thermomixer at 228C and
1,200 rpm. At different time points, 6 ml aliquots were taken andwashed with PBS, incubated in 50 mM NH4Cl/PBS for 5 min, washed
with PBS, and incubated in 0.1% Triton X-100/PBS for 5 min followed analyzed by immunoblotting. In some experiments, APC activity in
the mitotic Xenopus extracts was inhibited by addition of 1 mM ofby one further wash with PBS. Cells were incubated in 3% BSA/PBS
for 2 hr prior to incubation with rabbit anti-myc antibody followed by N-terminal human cyclin B peptides comprising either the wild-type
or a mutated version of the destruction box (kind gift of E. Kramer,Alexa Fluor 568–labeled goat anti-rabbit IgG antibody (Molecular
Probes, Eugene, OR), human CREST serum (kind gift from Georg Vienna).
Krohne, Wu¨rzburg), and Alexa Fluor 488–labeled goat anti-human
IgG (Molecular Probes, Eugene, OR). All antibody incubations were Acknowledgments
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